We propose a minimal model framework for physics below the Planck scale with the following features: (i) it is based on no-scale supergravity, as favoured in many string compactifications, (ii) it incorporates Starobinsky-like inflation, and hence is compatible with constraints from the Planck satellite, (iii) the inflaton may be identified with a singlet field in a see-saw model for neutrino masses, providing an efficient scenario for reheating and leptogenesis, (iv) supersymmetry breaking occurs with an arbitrary scale and a cosmological constant that vanishes before radiative corrections, (v) regions of the model parameter space are compatible with all LHC, Higgs and dark matter constraints.
There are two extensions of the Standard Model of particle physics that seem to us particularly well motivated: heavy singlet (right-handed) neutrinos to generate mixing and small masses for the standard left-handed neutrinos via the see-saw mechanism [1] , and supersymmetry [2] to stabilize the electroweak scale, facilitate grand unification, etc.. Likewise, there are three well-motivated extensions of the standard Big Bang model of cosmology: baryogenesis [3] , dark matter [4] , and inflation [5] to explain the large-scale homogeneity of the universe and the fluctuations in the cosmic microwave background (CMB). There are also popular connections between these extensions of the Standard Model: for example, CP violation in the decays of the heavy singlet (right-handed) neutrinos might have generated a lepton asymmetry that would subsequently have been converted into a baryon asymmetry via sphaleron interactions [6] , supersymmetry provides a natural dark matter candidate [7, 8] , and the inflaton might have been a heavy singlet sneutrino [9] .
The purpose of this paper is to propose a (the?) minimal framework that combines all these desirable features. Low-energy particle physics is described by the minimal N = 1 supersymmetric extension of the Standard Model (MSSM), which is supplemented by a supersymmetric Type-1 see-saw heavy neutrino sector. One of the heavy sneutrinos is identified as the inflaton [9] , and its decays generate a lepton (and hence baryon) asymmetry [6] . The inflaton is embedded in a no-scale super-gravity sector [10] together with another singlet field [11] [12] [13] , in a form that could emerge naturally as the lowenergy effective field theory obtained from some string compactification [14] . This form yields an effective potential and hence a spectrum of perturbations identical with the Starobinsky R + R 2 model [15] , which is comfortably compatible with data from the Planck satellite [16] . We display a choice of superpotential for these fields that generates supersymmetry breaking with an arbitrary magnitude and zero vacuum energy at the tree level. We show that there are regions of the model parameter space that are compatible with the measured mass of the Higgs boson, supersymmetric dark matter and the absence of a supersymmetric signal at the LHC.
Since we incorporate supersymmetry and consider cosmology, our model is formulated within an N = 1 supergravity framework [17] . This is characterized by a Hermitian Kähler potential K(φ i , φ * j ) and a holomorphic superpotential W (φ i ), where the φ i are complex scalars fields in chiral supermultiplets, in the combination G ≡ K + ln W + ln W * . In order to have an effective potential that vanishes over a continuous range of parameters in the presence of supersymmetry breaking, and motivated by generic string compactifications [14] , we choose a no-scale form for K that has an underlying SU(N, 1)/SU(N )×U(1) symmetry [18] . For the purposes of our discussion here, we display an example with N = 2 that can be extended to include, e.g., the fields of the MSSM. In this case there are two equivalent field representations that are frequently used:
and
In the first formulation, the T field may represent a string modulus and φ a generic matter field, whereas in the second formulation both y 1,2 may be matter fields.
It was shown in [11, 12] that the N = 2 no-scale model can yield an effective potential identical with that of the Starobinsky R + R 2 model for various suitable choices of the superpotential W [19] . Here we discuss one example that was introduced in [11] and explored in more detail in [12] , namely
Unless explicitly denoted, we will work in Planck units M [12, 20, 21] :
with Λ < ∼ 0.1M P , as discussed in [12] .
The no-scale structure explored here is subject to radiative corrections, which depend on the ultraviolet completion of the theory, and are thought to play an essential rôle in determining the scale of supersymmetry breaking [22] . Since discussion of the ultraviolet completion lies beyond the scope of this paper, which is concerned with sub-Planckian physics, and since the scale of inflation is much higher than the supersymmetry-breaking scale, we leave a more complete discussion of the structure of these radiative corrections for future work.
Having discussed how inflation may be embedded in a no-scale framework typical of a generic string compactification, we now discuss how it may be connected with lower-energy physics. The first issue is the possible identification of the inflaton field y 1 with some field appearing in (a motivated extension of) the Standard Model.
The forms of the interactions in (3) require y 1 to be a gauge-singlet field, and the minimal possibility is to identify it with one of the singlet (right-handed) neutrinos in the minimal Type-1 see-saw extension of the Standard Model (a singlet sneutrino). Thus we can add to the superpotential of the standard model a Yukawa-like term
where H 2 is the same Higgs doublet giving mass to the up-like quarks, and L is a left-handed lepton doublet.
The × symbols denote light ν -heavy N mixing via a Dirac Yukawa coupling as expected in a Type-I see-saw model.
The index i is an SU (2) index. In principle, we expect 3 right right-handed singlet neutrinos, but we associate only one (or one linear combination of the three) with the inflaton. Remarkably, the order of magnitude of the mass parameter M in (3) required to yield the right size of primordial scalar perturbations, namely ∼ 10 13 GeV, lies within the range favoured in such see-saw models of neutrino masses and mixing. Furthermore, previous studies have shown that such a sneutrino inflationary scenario can comfortably generate a lepton asymmetry of the size required for successful leptogenesis [9, 23] .
However, there is one issue that needs to be addressed, namely that of lepton-number violation. When y 1 is identified as a sneutrino, in addition to the Majorana massgenerating ∆L = 2 interaction that conserves R parity, there is a trilinear ∆L = 3 interaction that violates R parity, implying that the LSP is in principle unstable. However, its lifetime would be very long [24] . If we identify the LSP with the lightest neutralino χ, on the basis of diagrams such as that in Fig. 1 we estimate that its lifetime is
where v is the Higgs vacuum expectation value (vev),m is a typical supersymmetry breaking soft mass, λ is the Yukawa coupling between the light doublet and heavy singlet neutrinos and g is a gauge coupling. Taking M ∼ 10 13 GeV,m ∼ 1 TeV and λ = O(1), this estimate yields an LSP lifetime exceeding 10 40 years. For smaller λ, as required to obtain a suitable reheat temperature, the lifetime of the neutralino will be substantially longer.
As the inflaton is directly coupled to Standard Model fields through (5), reheating and leptogenesis can proceed through the out-of-equilibrium decay of the heavy singlets [6] . The decay rate of y 1 can be approximated as Γ D ≃ λ 2 M/(16π), which is smaller than the Hubble rate at the end of inflation, H I ≃ M/2. The (instantaneous) reheating temperature, T R is easily estimated to be
assuming decay at Γ
High reheat temperatures are known to give rise to cosmological problems associated with gravitino production. Although gravitinos never dominate the energy density of the Universe if m 3/2 ∼ 10 TeV, gravitino decay to neutralinos, χ, can lead to an overabundance of the lightest supersymmetric particle that provides cold dark matter [8] . The abundance of gravitinos can be determined in terms of the reheat temperature as [8, 25] 
where s is the entropy density and we have assumed that the gravitino is much heavier than the gluino. In order to satisfy the upper limit on the abundance of neutralinos: Ω χ h 2 < 0.12, we must ensure that [26] n 3/2 s 4.4 × 10
which leads to an upper limit on the Yukawa coupling λ:
This result implies that one of neutrino Yukawa couplings may be comparable to the electron Yukawa coupling and suggests that the mass of lightest neutrino generated by the seesaw mechanism should be of order 10 −10 − 10 −9 eV. We note that the small value of λ assures out-of equilibrium decay and hence the possibility of successful leptogenesis.
Sneutrino inflation is not the only possibility within our no-scale framework. In some extensions of the Standard Model with extended gauge groups the heavy neutrinos are not singlets, but there may be other gaugesinglet superfields. One such example is the minimal flipped SU(5) GUT [27] , where the heavy neutrinos are embedded in 10 representations F i , and the inflaton may be identified with one of the other gauge-singlet fields φ i in the model, which are expected to have trilinear couplings. The relevant couplings are of the form λ 6ij F iH φ j + λ 8ijk φ i φ j φ k , whereH denotes a 10 Higgs representation with a GUT-scale vev, V , and one of the φ has a vev of similar magnitude. In this case, there is mixing between the heavy neutrinos and the singlet fields [28] , the lightest of their mass eigenstates may well have a mass ∼ 10 13 GeV as required for the inflaton, and it would in general have a trilinear self-coupling as required (3) in our no-scale Starobinsky inflationary scenario. Previous studies have shown that this model can also lead to successful leptogenesis [28] , but we do not enter here into details of the heavy sneutrino/singlet sector.
We now address another issue concerning lower-energy physics, namely supersymmetry breaking. One of the attractive features of the original no-scale model [18] was that it accommodated local supersymmetry breaking in the form of an arbitrary gravitino mass m 3/2 = e G/2 with zero vacuum energy (cosmological constant) before the calculation of quantum corrections. This even suggested a perturbative mechanism for the dynamical determination of m 3/2 [22] . Supersymmetry breaking can be accommodated within our framework by simply adding to the superpotential (3) a constant (modular weight 3) term
It is easy to check that, as Λ → ∞ in the Kähler potential (4) the parameter r does not appear in the effective potential, implying that this is a further generalization of the no-scale Starobinsky models discussed previously in [11, 12] . When Λ is finite, the effective potential does depend on r, but this dependence drops out when y 2 = 0, as we enforce by requiring Λ < ∼ 0.1M P [12] . It is also easy to check that the magnitude of local supersymmetry breaking: m 3/2 = r while the vacuum energy vanishes, as in the original no-scale model [18] . In (11) we treated r as a parameter to be derived (presumably) from string dynamics. It would be interesting to resurrect the possibility of determining r = m 3/2 dynamically via quantum corrections in the low-energy effective theory, but we do not discuss that possibility here. Note that, in the presence of both non-vanishing r and finite Λ, the modulus y 2 is strongly stabilized with a mass (for both real com-
We consider next the extension of the model (3, 4, 11) to Standard Model particles and their supersymmetric partners y SM . In the spirit of the no-scale approach we embed them within the logarithm in the Kähler potential:
.) . (12)
We assume that the superpotential for the Standard Model superfields has the form
where W 2,3 (y SM ) are bi/trilinear in the Standard Model superfields, respectively, in which case the soft supersymmetry-breaking mass-squared, bilinear and trilinear parameters are
The choice of modular weights α = 0, β = 1 for the tri-linear and bilinear terms respectively, corresponds to the pure no-scale option m 0 = B 0 = A 0 = 0, in which case the only possibility for introducing supersymmetrybreaking into the low-energy sector is via a non-minimal gauge kinetic term generating non-zero gaugino masses m 1/2 = 0.
We consider the generic option that m 3/2 ≫ m 1/2 , in which case there are no Big Bang nucleosynthesis constraints on gravitino decays, and we assume that the LSP is the lightest neutralino, so there are no problems associated with the large reheating temperature discussed earlier. In this case, however, the no-scale choices α = 0 and β = 1 are the only phenomenologically viable choices. For A 0 ∝ m 3/2 (i.e., α = 0) and m 3/2 ≫ m 1/2 , renormalization group evolution inevitably leads to tachyonic sfermion masses. Similarly, for β = 1, there is no value of tan β which minimizes the Higgs potential.
It was shown in [29] that such no-scale boundary conditions are compatible with low-energy constraints on supersymmetry if there is a grand unification group at high scales that is broken down to SU(3)×SU(2)×U (1) at an appropriate high-energy scale. There are three relevant parameters in such a scenario based on SU(5): the scale M in at which the no-scale boundary conditions are applied, and two SU(5) Higgs superpotential parameters λ, λ ′ : W ∋ λHΣH + (λ ′ /6)TrΣ 3 , where H,H and Σ are 5,5 and 24 Higgs representations, respectively. Regions of the no-scale SU(5) parameter space that were compatible with accelerator constraints on supersymmetric particles and the cosmological LSP density were studied in [29] . Since then, the LHC has imposed additional constraints, in particular via the Higgs discovery [30] and the decay B s → µ + µ − [31] . 18 GeV where the relic cold dark matter density is consistent with cosmology and m H ∼ 125 GeV. In view of the estimated theoretical uncertainty of ∼ 3 GeV in the FeynHiggs calculation, all the portions of these dark matter strips with m 1/2 > ∼ 1000 GeV may be consistent with the LHC measurement of m H . This region is also compatible with the experimental measurement of B s → µ + µ − : the diagonal (green) solid line marks the 95% CL upper limit on this decay, including theoretical uncertainties [31] . Regions with suitable m H and satisfying the other constraints can also be found for somewhat smaller values of λ ′ and |λ|. (5) no-scale model with m0 = A0 = B0 = 0 at Min, for λ ′ = 2 and λ = −0.1. The brown regions are excluded because the LSP is charged, the green regions are excluded by b → sγ, the renormalizationgroup equations are unstable in the ochre region. The relic cold dark matter density lies within the cosmological range along the (dark blue) strips, the continuous (purple) line is the ATLAS 95% CL limit on supersymmetric particles, the dash-dotted (red) lines are contours of mH as calculated using FeynHiggs [32] , and the solid (green) line marks the 95% CL upper limit on BR(Bs → µ + µ − ). The continuous (black) lines are contours of tan β.
An alternative to the pure no-scale approach taken above is the possibility that the terms in the Kähler potential corresponding to the Standard Model fields are contained either only partly within the no-scale logarithm (12) , or outside it entirely via minimal kinetic terms K ∋ |y SM | 2 . For example, in the latter case, and assuming a superpotential of the form (13), the universal soft scalar mass term is now m 0 = r = m 3/2 whilst the relations for A 0 and B 0 are still given by (14) . It is interesting to note that for the case α = β = 0, one recovers the pure gravity-mediated models discussed in [34, 35] . Viable phenomenological models can be constructed with input universality input above the GUT scale [34] as in the models discussed above, or with GUT-scale universality at relatively low tan β ≃ 2 [35] . Fixing tan β and still satisfying the supergravity boundary condtions for A 0 and B 0 can be achieved with the addition of a GiudiceMasiero term in the Kähler potential [36] .
Our analysis demonstrates that no-scale supergravity provides a suitable framework for addressing many problems in cosmology and particle physics, including inflation, leptogenesis, neutrino masses and dark matter as well as the LHC measurement of m H and limits on supersymmetric particles. Concerning future experimental tests, we note that future CMB experiments may probe the predictions of Starobinsky-like inflationary models such as ours, and that higher-energy LHC running will be sensitive to m 1/2 < ∼ 1500 GeV, the range suggested in the sample models displayed in Fig. 2 . Thus there are both cosmological and collider prospects for exploring the ideas presented here.
